The sequence requirements for specific and efficient transcription from the 16S/23S rRNA promoter of Sutfolobus shlbatae were analysed by point mutations and by cassette mutations using an In vitro transcription system. The examination of the box Acontaining distal promoter element (DPE) showed the great importance of the TA sequence in the center of box A for transcription efficiency and the Influence of the sequence upstream of box A on determining the distance between the DPE and the start site. In most positions of box A, replacement of the wild type bases by adenines or thymlnes are less detrimental than replacements by cytosines or guanines. The effectiveness of the proximal promoter element (PPE) was not merely determined by its high A + T content but appeared to be directly related to its nucleotide sequence. At the start site a pyrimldlne/purine (py/pu) sequence was necessary for unambiguous initiation as shown by analysis of mutants where the wild type start base was replaced. The sequence of box A optimal for promoter function in vitro is identical to the consensus of 84 mapped archaeal promoter sequences.
INTRODUCTION
Two consensus regions have been defined by comparison of promoter sequences of Archaea [1] (Archaebacteria): the box A centered about 27 bases upstream of the transcription start site and the box B at the start site [2, 3] .
Mutational analysis of the 16S/23S rRNA promoter of Sulfolobus shibatae using an in vitro transcription system [4] has identified the position and function of three essential promoter elements: (i) a distal promoter element (DPE) encompassing box A, which is important for transcription efficiency and start site selection; (ii) a proximal promoter element (PPE) between position -11 and -2 which also contributes to transcription efficiency; and (iii) a pyrimidine/purine-sequence which, at the proper distance from the DPE, serves as start site [5] . Utilisation of heterologous promoters in the 5. shibatae transcription system showed that constitutive promoters are functionally conserved between distantly related archaea [6] . An analysis of the Methanococcus vannielii tRNA Val gene promoter [7] is in fair agreement with these data but extends the determination of sequence requirements by point mutations in which certain bases between position -35 to +2 were replaced with guanine.
In this study we analyze the functional importance of positions in promoter elements in more detail, especially within box A where each base was replaced with the other three. We also examined the effect of all possible base exchanges at the start site in order to check the requirement for a pyrimidine/purine sequence. Moreover, we replaced the proximal promoter element by streches of adenines or thymines, or the complement of the wild type PPE-sequence, to test the hypothesis that a high A+T content is sufficient for its function in the 16S/23S rRNA promoter [5] . Promoter strength and transcript start sites of all mutant promoters were determined by SI nuclease mapping of the in vitro transcripts. The box A sequence optimal for promoter function in vitro was compared to the consensus of mapped archaeal promoters.
MATERIALS AND METHODS Materials
Restriction enzymes, RNase-free DNase and T4 ligase were obtained from Boehringer Mannheim, T4 polynucleotide kinase, Sl-nuclease and Klenow-fragment of E.coli DNA polymerase I from Pharmacia, radiochemicals from Amersham. The soluble cell-free extract of S. shibatae was prepared as described [4] .
Methods

Construction of the vector and mutants.
A sequence identical to the -39 to +6 promoter region of the 5. shibatae 16S/23S rRNA operon [ 14] was cloned into the phagemid pBluescript II KS + (Stratagene) between the Xho I and Bam HI cleavage sites, using synthetic oligonucleotides. The Pst I-site in the middle of the promoter region was generated by exchange of a thymidine against guanosine at position -19 and against cytidine at position -21 in the oligonucleotide sequence (Fig. 1) . This difference in the promoter sequence had no negative effect on transcription efficiency and start site selection. This vector construct was named pSP2 and used as standard. The Pst I-site together with either the Xho I-or the Bam Hi-site were used to generate mutants by introduction of synthetic oligonucleotides comprising distinct mutations. These oligonucleotides were designed with ends complementary to the sticky ends of either the Xho VPst I-or Pst IIBam Hi-vector fragment generated by digestion of pSP2 with the respective enzymes. Both double digests always led to a vector fragment with overhanging ends on the same strand (Fig. 1) . Ligation [8] of the oligonucleotides with these vector fragments led to a circular vector with a short single stranded region. Upon transformation [9] the DNA-repair system of the recipient-eel] strain E.coli XLl-blue converted the construct into double-stranded DNA.
After selection on LB agar containing tetracyclin (25 /tg/ml) and ampicillin (75 /tg/ml) the recombinant DNA was isolated [10] and the mutation verified by DNA-sequencing [11] . Mutated phagemids obtained through this procedure were cleaved with Bgl I yielding two fragments and used as linear templates for in vitro transcription.
In vitro transcription. 100 ng template-DNA were incubated for 10 min at 60°C in 50 /J of a reaction mixture containing 50 mM Tris-HCl (pH 8.0), 25 mM MgCl 2 , 1 mM EDTA, 1 mM Dithiothreitol, 2 mM ATP, 1 mM CTP, 1 mM GTP, 1 mM UTP and 8 /J of the cell-free extract from S. shibatae [4] . The mixture was chilled on ice, 50 y\ ddH 2 O were added and the reaction mixture was extracted three times with 100 /*1 of phenol/chloroform/isoamylalcohol 25:24:1 (vol/vol/vol). The nucleic acids were precipitated with ethanol and the template-DNA was removed by digesting with 25 U RNase-free DNase I (Boehringer, Mannheim) in 50 /tl reaction buffer for 30 min at room temperature. After addition of 50 /J ddH 2 O the reaction mixture was extracted twice with phenol/chloroform/ isoamylalcohol and with chloroform/isoamylalcohol 24:1 (vol/vol). The aqueous phase containing the in vitro RNA was stored at -70°C. SI analysis. DNA probes for SI nuclease analysis [12, 13] were prepared by extension of the S'-^P-labeled M13 universal sequencing primer hybridized to single stranded pSP2 or its respective mutant derivative single strand. Identical volumes (two microliters) of the in vitro RNA solutions were hybridized to an at least fivefold molar excess of DNA probe. Hence only the quantity of the in vitro RNA determined the strength of the signal and therefore the transcription efficiency. The condition for hybridization, SI-nuclease digestion and the electrophoresis through denaturing polyacrylamide gels were as described [4] .
The transcription efficiencies were quantified by densitometry of the autoradiographs. A calibration curve was used to correct for nonlinearity.
Primer extension. After in vitro transcription and DNase I digestion the reaction mixtures were extracted twice with phenol/chloroform/isoamylalcohol and were ethanol coprecipitated with 30,000 cpm of the 5'-32 P-labeled M13 universal sequencing primer. Reverse transcription was performed as described [14] yielding a fragment of 99 bp (in the case of initiation at the wild type start site). The cDNA was analyzed on a 6% polyacrylamide sequencing gel.
RESULTS
In order to define the sequence requirements within the archaeal promoter elements responsible for transcription efficiency and start site selection, an extensive mutational analysis of the promoter region of the 16S/23S rRNA operon of S. shibatae was performed. For this purpose a cassette with a sequence almost identical to that in the natural promoter from position -39 to +6 (transcription start site defined as +1) was assembled from overlapping oligonucleotides and cloned into pBluescript IIKS+ yielding pSP2 (Fig. 1) . To permit the facile and efficient manipulation of all parts of the promoter, the pSP2 promoter cassette contained a Pst I site between the distal and the proximal promoter element leading to two nucleotide exchanges compared to the wild type promoter. In vitro transcription of pSP2 and a similar construct containing an entirely wild type promoter sequence indicated that the introduction of the Pst I site did not alter the initiation site or negatively affect transcription efficiency (data not shown). Mutations were focussed on three regions: (i) box A (position -32 to -26), where each of the seven bases of the wild type sequence was substituted by each of the other three possibilities (figure 2, upper part), (ii) the PPE, which was examined by three cassette mutants (figure 2, middle), and (iii) box B with the start site, where the wild type guanine at position +1 was substituted by each of the three other bases (figure 2, bottom).
The mutations in the promoter region were introduced by ligation of synthetic oligonucleotides and verified by DNA sequence determination. The various constructs acted as template for in vitro transcription with a cell free extract of 5. shibatae. The transcription efficiency of each mutant promoter was determined by SI-nuclease mapping of the resulting transcription products followed by densitometric analysis of the respective signals on the autoradiogram. To check the reproducibility for each individual construct, at least three independent repetitions of these experiments were performed.
In the case of the box A mutants, a pSP2-derived probe was used in SI analysis for the examination of the transcription efficiency and the start site. Since the probe was complementary to the template DNAs up to box A, the start sites of all these mutants could be monitored without difficulty. In case of mutations in the PPE and in box B promoter mutants, specific DNA probes were prepared for each construct to exclude SI nuclease digestion at mismatch positions.
DPE mutants
In the following part, the influence of mutations in box A of the 16S/23S rRNA promoter shall be described in the order of decreasing effects on transcription efficiency. All nucleotide exchanges at positions -30 and -29 reduced transcription efficiency dramatically (Fig. 2) , indicating the importance of the TA-sequence at these positions for the function of box A; only the adenine at position -30 maintained a high transcription efficiency. Every exchange at position -27 also led to a reduction, though to a lesser extent than at the positions -30 and -29. The thymine at position -32 could only be replaced by cytosine, the thymines at positions -31 and -28 only by adenines, in each case leaving the transcription efficiency higher than 67% of that of the wild type promoter (Fig. 2) . Guanine at position -32 was tolerated, but in a lesser extent (45% transcription efficiency). The other possible exchanges at each of these positions left, at most, 11% of the transcription efficiency. The tolerance of the transcription system especially towards cytosine, but not adenine or guanine, at position -32 shows that at this position occupation by a pyrimidine rather than a high A+T content is necessary for promoter function. In contrast, the tolerance towards transversion at positions -31 and -28 suggests that a weak base pairing rather than a certain base is required there. At position -26, only the replacement of the wild type thymine by cytosine led to a strong reduction in transcription efficiency: the other two possible exchanges were tolerated ( Fig. 2 ; see also figure 3 for an overview). All of these box A mutations influenced the transcription efficiency without leading to a shift of the transcription start site. One mutant ('5S DPE', Fig. 2 ) contained the DPE of the 5S rRNA gene promoter of 5. shibatae. This alteration in the region immediately upstream of the box A, which itself was the same as in the 16S/23S rRNA promoter, left the transcription efficiency at 83% but introduced ambiguity of transcription initiation. Starts were mapped at positions -7 (guanine), -5, -3 (adenines) and +1 (guanine) with the major start site at position -5.
The mutation 'Euka' transformed the wild type box A sequence 'TTTATAT' to 'TATAAAT' which represents the 'TATA-box' consensus of eukaryotic pol2 promoters. The transcription efficiency from this promoter mutant was 19% and thus significant though weak. Transcription was initiated at the same site as in the wild type promoter.
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PPE mutants
The three cassette mutations in the PPE, an oligo adenine stretch, an oligo thymine stretch and the complement of the wild type PPE-sequence, reduced the transcription efficiency to 7%, 5% and 21%, respectively. The start site of each of these three mutants was the same as that of the wild type promoter (Fig. 2) .
Box B mutants
In box B the guanine at the transcription start site was substituted by each of the three other bases. The replacement of the wild type guanine by adenine did not shift the transcription start site but increased the transcription efficiency slightly. The replacement by thymine shifted transcription initiation to the positions -3 (adenine) and +2 (cytidine) accompanied by a reduction of transcription efficiency to 31% overall. The replacement by cytidine led to an ambiguous initiation in the vicinity of the wild type start site but mainly at the position +1 (cytidine) with an overall transcription efficiency of 23% (Fig. 2) .
DISCUSSION
Using an in vitro transcription system from Sulfolobus shibatae [4] , the functional significance of single positions within archaeal promoter elements was examined by determining the strength of altered promoters and their start site selection in comparison to the wild type promoter of the 16S/23S rRNA-operon of 5.
shibatae. and in vitro and its identity to the promoter consensus defined by sequence comparison [2, 3, 15] .
Promoter efficiency
The box A. All box A mutations replacing the thymine at position -30 and the adenine at position -29 in the center of box A showed strong reductions of transcription activity indicating the importance of the TA-sequence at these positions. The only exception, a tolerance towards the exchange of thymine -30 against adenine, can be interpreted as a shift of the TA-sequence one position upstream. These data are in accordance with a high conservation of the TA-sequence in the center of box A in archaeal promoters (Fig. 4) . The distance between the TAsequence and the start site is 29 bases in the 16S/23S promoter but between 25 to 28 bases on average.
These results, and the sensitivity of the promoter to certain base exchanges at single positions of box A, defined an optimal box A sequence for promoter function. For the determination of this optimal box A sequence, only mutants with a transcription efficiency higher than 66% of the wild type were considered. Position -26 of the 16S/23S promoter was not considered important for promoter function since only one of the three possible base exchanges, the introduction of cytosine instead of the wild type thymine, led to a strong reduction of promoter strength. Applying the above criteria, an optimal box A sequence 5' T/CTTAT/AA 3' (positions -32 to -27) was derived. This functionally-determined sequence was in good agreement with the consensus of archaeal box A sequences 5' TTTA T / A A 3' [2, 3, 15] . Inspection of 84 mapped archaeal promoters (Fig. 4) showed that cytosine did indeed sometimes replace thymine in the first position of the consensus box A. The last position, -27, in the consensus occupied by adenine proved very sensitive against base exchange in accordance with its conservation in all but the halobacterial promoters.
The PPE. Box A is not the only element determining the efficiency of transcription. Exchange of a second essential promoter element, the A+T rich PPE at positions -11 to -2, by stretches of adenines or thy mines (Fig. 2) led to a 20 fold reduction in promoter efficiency and replacement of this element by its complementary sequence (Fig. 2) resulted in a 5 fold reduction of promoter strength. Thus, the element is not merely an A+T-rich region facilitating strand separation during the initiation of transcription, as previously discussed [5] . A certain sequence, the alternating purine/pyrimidine sequence 5' ATATGTATA 3' in the case of the strong 16S/23S rRNA promoter of S. shibatae, appears to be required for maximal promoter strength. The strong reduction of transcription efficiency upon replacement of the element by its complementary sequence indicates that the sequence must be correctly positioned with respect to the start site. The PPE sequence is not generally conserved between archaeal promoters (Fig. 4) and may therefore represent a particular feature of the 16S/23S rRNA promoter.
The start site. Promoter strength appears to depend on the distance between the DPE and the start site [5] as well as on the occupation of this site. Apart from the elements already discussed, the core promoter region thus includes the start site itself. When an unfavourable start site was introduced, e. g. a pyrimidine instead of the wild type purine, the start shifted to nearby sites at less favourable distances concomitant with a reduction of total Nucleic Acids Research, Vol. 20, No. 20 5427 transcription efficiency. In these cases, it is difficult to estimate the contributions of the changes of distance and start site context to the overall effect. But it appears that promoter strength declines sharply whenever a dinucleotide different from a pyrimidine/purine (py/pu) occupies the optimal initiation region defined by its distance from the DPE.
Start site selection
Analysis of promoter mutants with regard to start site selection indicated the necessity of a start motif as well as a distance measurement in defining a start region in which this motif serves its role. We suggested previously [5] that a purine proceeded by a pyrimidine acted as minimal start signal since most initiations on a number of mutant constructs occured at a purine following a pyrimidine. Results from a methanogene transcription system [7] and those of our current work corroborate this assumption. Furthermore a comparision of mapped archaeal transcription start sites showed that 79 of 89 transcripts initiate at a purine after a pyrimidine (Fig. 4) . Since such a dinucleotide sometimes occurs more than once at an appropriate distance from box A and initiation nevertheless remained specific there must be additional information to provide specific initiation. The formerly proposed box B consensus T / A TG C / A found around the start site [2] does not appear to play this role since initiation occurs either upstream, or within, or downstream, and thus not at a defined site in this sequence. Moreover many of the mapped promoters in figure  4 do not show this consensus. Aligning promoter sequences for the start site yielded a different, rather weak consensus A / T T/cG/ A with the initiation at the last position and in crenarchaeotal promoters a weakly conserved (py/pu) 4 pattern (see above).
The DPE as well as the py/pu dinucleotide determines the start site. This had already been shown with the insertion and deletion mutants [5] and was reconfirmed by some of our promoter mutants. Alteration of the distance between the DPE and the wild type start site led to a shift of the start site and concomitantly sometimes to ambiguity of initiation. This ambiguity was also observed when the wild type start guanine was substituted with thymine or cytosine. The mutant containing the 5S rRNA promoter DPE instead of the 16S/23S rRNA promoter DPE showed both an upstream shift of the start site and ambiguity in start site selection. The three different types of mutants share one common feature: all of the new start sites were positioned within a region of eight bases. This indicates that the DPE delimits (by some sort of distance measurement) a certain window of about eight bases in which initiation occurs.
Furthermore, the mutant with the 5S DPE shows that a stretch of more than four thymines upstream of box A altered the structure of the promoter in such a way that the transcription system used a start point nearer to box A than with the 16S/23S DPE-sequence. Several other archaeal promoters carrying stretches of thymines in this region also showed a reduction in the distance between box A and the start site. A stretch of more than three thymines causes bending of the DNA which therefore could be the reason for the reduction of this distance.
